Activation of the renin-angiotensin-aldosterone system is common in hypertension and obesity and contributes to cardiac diastolic dysfunction, a condition for which no treatment currently exists. In light of recent reports that antihyperglycemia incretin enhancing dipeptidyl peptidase (DPP)-4 inhibitors exert cardioprotective effects, we examined the hypothesis that DPP-4 inhibition with saxagliptin (Saxa) attenuates angiotensin II (Ang II)-induced cardiac diastolic dysfunction. Male C57BL/6J mice were infused with either Ang II (500 ng/kg/min) or vehicle for 3 weeks receiving either Saxa (10 mg/kg/ d) or placebo during the final 2 weeks. Echocardiography revealed Ang II-induced diastolic dysfunction, evidenced by impaired septal wall motion and prolonged isovolumic relaxation, coincident with aortic stiffening. Ang II induced cardiac hypertrophy, coronary periarterial fibrosis, TRAF3-interacting protein 2 (TRAF3IP2)-dependent proinflammatory signaling [p-p65, p-c-Jun, interleukin (IL)-17, IL-18] associated with increased cardiac macrophage, but not T cell, gene expression. Flow cytometry revealed Ang II-induced increases of cardiac CD45+F4/80+CD11b+ and CD45+F4/80+CD11c+ macrophages and CD45+CD4+ lymphocytes. Treatment with Saxa reduced plasma DPP-4 activity and abrogated Ang II-induced cardiac diastolic dysfunction independent of aortic stiffening or blood pressure. Furthermore, Saxa attenuated Ang II-induced periarterial fibrosis and cardiac inflammation, but not hypertrophy or cardiac macrophage infiltration. Analysis of Saxa-induced changes in cardiac leukocytes revealed Saxa-dependent reduction of the Ang II-mediated increase of cardiac CD11c messenger RNA and increased cardiac CD8 gene expression and memory CD45+CD8+CD44+ lymphocytes. In summary, these results demonstrate that DPP-4 inhibition with Saxa prevents Ang II-induced cardiac diastolic dysfunction, fibrosis, and inflammation associated with unique shifts in CD11c-expressing leukocytes and CD8+ lymphocytes. (Endocrinology 158: 3592-3604, 2017) D iastolic dysfunction is an early functional defect in a variety of cardiac diseases (1, 2) and an independent predictor of cardiac mortality (3). The prevalence of diastolic dysfunction is highest in patients with hypertension or obesity and is linked to inappropriate activation of the renin-angiotensin-aldosterone system
D
iastolic dysfunction is an early functional defect in a variety of cardiac diseases (1, 2) and an independent predictor of cardiac mortality (3) . The prevalence of diastolic dysfunction is highest in patients with hypertension or obesity and is linked to inappropriate activation of the renin-angiotensin-aldosterone system (RAAS) (4, 5) . Despite these known associations, no treatment currently exists for this common condition (6) .
Clinically, dipeptidyl peptidase (DPP)-4 inhibitors have been shown to improve blood glucose control in patients with type 2 diabetes by reducing the breakdown of incretin hormones [i.e., glucagonlike peptide 1 (GLP-1), gastric inhibitory peptide (GIP)] (7). Accumulating evidence suggests however, that DPP-4 inhibition may provide direct cardiovascular protection in a number of disease states. Specifically, DPP-4 inhibition improved cardiac function in preclinical models of pressure overload by aortic banding (8) , left ventricular radiofrequency ablation-induced heart failure (9), diabetic myocardial infarction (10, 11) , obesity (12, 13) , and isoproterenol infusion (14) . However, in high-fat-fed diabetic mice, DPP-4 inhibition did not improve cardiac function and, in fact, exacerbated adverse cardiac remodeling following pressure overload (15) . Furthermore, in a recent clinical trial [Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in Myocardial Infarction 53 (SAVOR-TIMI 53)] treatment with the DPP-4 inhibitor saxagliptin (Saxa) increased the risk of hospitalization for heart failure in diabetic patients (16) . These disparate findings prompted the ongoing Saxagliptin and Cardiac Structure and Function (SCARF) trial to comprehensively examine the impact of Saxa on cardiac outcomes in diabetic patients (ClinicalTrials.gov Identifier: NCT02481479). Together, these data demonstrate mixed results of DPP-4 inhibition on cardiac function in complex disease states where the metabolic and cardiac impacts of DPP-4 inhibition can be difficult to separate. Thus, studies to better understand the impact of DPP-4 inhibition on common contributors to cardiac dysfunction in these conditions (i.e., RAAS activation), independent of the metabolic impact of DPP-4 inhibition, are warranted and necessary.
Cardiac diastolic dysfunction is characterized by cardiac inflammation and fibrosis (6) . Indeed, recent evidence suggests cardiac inflammation leading to leukocyte infiltration as a proximate signal underlying RAAS-dependent cardiac fibrosis and diastolic dysfunction (17, 18) and that cardiac leukocyte infiltration corresponds with the onset of cardiac dysfunction (19, 20) . In this context, DPP-4 inhibition has been shown to reduce tissue inflammation, leukocyte infiltration, and fibrosis (21) . Indeed, we recently reported that DPP-4 inhibition improved obesity-associated cardiac diastolic dysfunction involving reduced inflammation and fibrosis (22) . In particular, DPP-4 inhibition reduced obesity-and RAAS-dependent upregulation of cardiac inflammatory mediators including TRAF3-interacting protein 2 (TRAF3IP2), a critical regulator of cardiac inflammation (22) (23) (24) (25) . In addition, DPP-4 inhibition may modulate tissue inflammation and fibrosis via altered DPP-4-dependent immune regulation and/or increased persistence of immunomodulatory substrates of DPP-4 resulting in altered tissue leukocyte infiltration or phenotypes. Indeed, DPP-4 is an integral contributor to immune regulation, particularly T-cell activation (26) , and, beyond GLP-1 and GIP, important chemokines (e.g., CCL5, CXCL12, CCL22) are DPP-4 substrates (27) . Thus, whether these pleiotropic effects of DPP-4 inhibition result from reduced tissue inflammation, inhibition of leukocyte infiltration, alterations in leukocyte phenotypes, or some combination of these and their relationship to cardiac function remains unclear in the setting of RAAS activation.
In the current study, we directly addressed this gap in knowledge by evaluating the hypothesis that selective inhibition of DPP-4 with Saxa (28) abrogates angiotensin II (Ang II)-induced cardiac diastolic dysfunction. We examined this hypothesis via in vivo determination of cardiac function coupled with ex vivo molecular assays and flow cytometry to evaluate cardiac inflammation and fibrosis as well as cardiac leukocyte subpopulations.
Methods

Animals
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Missouri. Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were continuously infused with Ang II (500 ng$kg 21 
$min
21
subcutaneously; Sigma, St. Louis, MO) or sterile saline for 3 weeks via osmotic minipumps (Alzet 1004) beginning at 13 weeks of age, as previously reported (29, 30) . After one week of infusion, mice were treated with either the DPP-4 inhibitor Saxa (10 mg$kg 21 
$d
21
, orally in peanut butter) or placebo (oral peanut butter) during the last 2 weeks. Mice were given ad libitum access to water and standard rodent chow and were housed in a temperature-controlled facility on a 12:12-hour light-dark cycle throughout the study. Animals were anesthetized with isoflurane (2% to 4% in 100% O 2 ) and euthanized by exsanguination. The experiments were repeated twice, that is, two separate cohorts of n = 6 per group underwent the treatments described previously and analyzed as detailed later with n = 5 to 11 observations per endpoint.
Plasma chemistries
On the day of euthanasia, mice were fasted for 5 hours and anesthetized with isoflurane (2% to 4% in 100% O 2 ); blood was collected via heart stick, processed for plasma, and frozen at -80°C. Blood glucose was determined by glucometer (Alpha-TRAK 2; Zoetis, Parsippany, NJ). Plasma aldosterone levels were quantified by radioimmunoassay at the Vanderbilt Hormone Assay and Analytical Services Core (Nashville, TN) as an indication of Ang II minipump efficacy. Plasma DPP-4 activity was determined by quantification of fluorescence from H-AlaPro-AFC (excitation 405 nm, emission 535 nm), a substrate that emits a signal upon cleavage by DPP-4, as previously described (12) . All other plasma measures were analyzed at Comparative Clinical Pathology Services (Columbia, MO).
Blood pressure
Systolic blood pressure (SBP) was determined using tail cuff plethysmography in a subset of Ang II and Ang II+Saxa mice during the last week of treatment, as previously described (30) .
Echocardiography
Two-dimensional echocardiography was performed in the apical four-chamber view using a GE Vividi ultrasound instrument with a 10.5-MHz pediatric ultrasound probe. Initially, a small sample volume was positioned in the left ventricle just proximal to the mitral leaflets to acquire early and late diastolic blood flow velocities in pulse wave Doppler mode. From the pulse wave spectra we determined isovolumic relaxation time (IVRT) and isovolumic contraction time. Next, to evaluate the propagation velocity (Vp) of left ventricular inflow, a correlate of the rate of chamber relaxation, we performed color M-mode recordings of mitral inflow during early diastole at the mitral leaflets in an apical window. Finally, tissue Doppler imaging was performed by placing a sample volume at the septal annulus to acquire early and late septal annular velocities. Parameters were assessed using an average of three beats from three different Doppler spectra, and calculations were made in accordance with the American Society of Echocardiography guidelines as well as specific guidelines for rodent echocardiography. All data were acquired and analyzed offline by a single blinded observer.
Aortic pulse wave velocity
Aortic pulse wave velocity (PWV), an index of vascular stiffness, was assessed in vivo as previously described (31, 32) . Briefly, mice were anesthetized with isoflurane (2% in 100% O 2 ), and PWV assessed via Doppler ultrasound (Indus Mouse Doppler System, Webster, TX) using the foot-to-foot velocity method employing velocity waveforms obtained successively at a brief time interval, the first obtained at the top of the aortic arch and the second at a site along the abdominal aorta 35 mm distal to the arch, as previously described (31, 32) . PWV was calculated by the formula PWV = D (mm) / DT (ms), where D is the distance between two measurement sites and DT is the transit time of the progressing pulse wave determined by the formula (T 1 -T 0 ). All values of T 1 and T 0 are gated to a heart rate of 400 bpm by multiplying the actual times by the ratio of the RR interval at 400 bpm by the actual RR interval of the sampled waveforms.
Atomic force microscopy
Aortic endothelial cortical stiffness was assessed on en face aortic preparations using atomic force microscopy (AFM), as previously described (33) . Briefly, a 2-mm segment of thoracic aorta was carefully opened longitudinally, fastened (endothelial side up) to a plastic cover slip with Cell-Tak, and endothelial stiffness determined via a cell nanoindentation protocol with AFM at room temperature, as previously described (34) .
Immunohistochemistry and staining
Cross-sectional cardiac slices were immersion fixed in 3% paraformaldehyde, dehydrated in ethanol, paraffin embedded, and sectioned in 5-mm slices, as previously described (30) . To evaluate cardiac fibrosis, sections were stained with picrosirius red (PR) for determination of cardiac interstitial and periarterial collagen. Images were obtained using an EVOS FL Auto Imaging System and quantified using the thresholding function in ImageJ. Periarterial fibrosis was quantified as the ratio of PRstained periarterial area to vessel luminal area. Interstitial fibrosis was quantified as percent area of myocardial PR staining. Cardiomyocyte cross-sectional area was determined in Alexa Fluor 488-tagged wheat germ agglutinin (1:100, Thermo Fisher W11261)-stained cardiac sections. Images were obtained using a Leica DMI4000b confocal microscope with quantification of cross-sectional area in ImageJ.
Immunoblots
Left ventricular cardiac tissue was homogenized in lysis buffer containing protease and phosphatase inhibitors in a TissueLyser (Qiagen, Germantown, MD), as previously described (30) . Protein content of lysates was determined by bicinchoninic acid protein assay (Pierce, Rockford, IL). Electrophoresis and immunoblotting were performed, as previously described (24 Table 1 .
Real-time polymerase chain reaction
Left ventricular cardiac tissue was homogenized in a TissueLyser (Qiagen) and total RNA was isolated using the Qiagen RNeasy Fibrous Tissue Kit and assayed using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and concentration, as previously described (30) . First-strand cDNA was synthesized from total RNA using the Improm-II reverse transcription kit (Promega, Madison, WI) and quantitative real-time polymerase chain reaction (PCR) was performed using the CFX Connect Real-Time PCR Detection System (Biorad, Hercules, CA) using target specific primers (Supplemental Table 1 ). PCR reactions using iTaq Universal SYBR Green SMX (Biorad), thermal conditions, and melt curve analysis were performed as previously described (30) . GAPDH was used as an internal control gene and messenger RNA (mRNA) expression values were calculated based on cycle thresholds (CTs) via the 2 DCT , where DCT = GAPDH CT -gene of interest CT and are presented normalized to control mice, which were set at 1.
Flow cytometry
Animals used for flow cytometry were injected with heparin (300 IU intraperitoneal) 10 minutes prior to being anesthetized with isoflurane (2% to 4% in 100% O 2 ). Blood was collected via heart stick and mice were perfused via the heart with ice-cold phosphate-buffered saline after which the heart was rapidly removed and placed on ice in fluorescence-activated cell sorting (FACS) buffer (eBioscience, San Diego, CA). Hearts were minced with scissors and enzymatically digested via incubation for 1 hour at 37°C in FACS buffer containing liberase (Roche; 8.7 mg/mL), collagenase XI (1250 U/mL), hyaluronidase (60 U/mL), and deoxyribonuclease (60 U/mL). Hearts were then mechanically homogenized for 1 minute (Seward Stomacher 80), filtered through a 40-mm cell strainer (50 G for 1 minute), and pelleted at 300 G for 8 minutes. Following removal of the supernatant, heart cells were resuspended in sucrose buffer and separated from cellular debris using a percoll (72%)-sucrose/ percoll (36%) gradient and centrifugation at 1500 rpm for 20 minutes. Heart cells isolated in the gradient were collected, resuspended in FACS buffer, and divided for separate staining protocols described later. Peripheral blood mononuclear cells were isolated from blood following separation of plasma by three cycles of red blood cell lysis in lysis buffer for 5 minutes at room temperature followed by washing in FACS buffer, pelleting, decanting, and resuspension in FACS buffer after which cells were divided for separate staining protocols. For staining, heart cells and peripheral blood mononuclear cells were preblocked with anti-Fcg receptor III/II antibody (clone 93, eBioscience 14-0161) at 4°C for 15 minutes, and stained in the dark at 4°C for 30 minutes with the following antibodies ( Table 1) 
Statistical Analysis
Data are presented as means 6 standard error. Statistical analysis was performed using Student t test for planned comparisons and one-way analysis of variance with Fisher least significant difference post hoc analysis, as appropriate, in SigmaPlot (Systat, San Jose, CA). A P value # 0.05 was considered significant.
Results
DPP-4 inhibition does not impact metabolic markers and Ang II-dependent aortic stiffening or blood pressure
No treatment altered body or spleen weight, blood glucose, plasma insulin, or insulin sensitivity (homeostatic model assessment of insulin resistance) relative to control mice (Table 2) . Ang II infusion (subcutaneous (Table 2) . Saxa treatment abrogated endothelial cortical, but not aortic, stiffening (Table 2) .
Ang II-induced cardiac diastolic dysfunction is abrogated by DPP-4 inhibition Cardiac diastolic function, assessed by echocardiography, was impaired by Ang II infusion. Specifically, Ang II reduced the ratio of early-to-late septal annulus motion in diastole, increased IVRT, and tended to reduce the Vp of mitral inflow [Vp: P = 0.06 vs Con (Fig. 1A and 1B and Supplemental Table 2) ]. DPP-4 inhibition with Saxa improved diastolic function indicated by normalization of early-to-late septal annulus motion in diastole and a tendency to reduce IVRT (Fig. 1A and 1B) . These changes occurred independently of changes in isovolumic contraction time, an index of systolic function, or heart rate (Supplemental Table 2 ).
DPP-4 inhibition prevents Ang II-induced cardiac periarterial fibrosis but not hypertrophy
Given the link between diastolic dysfunction and cardiac fibrosis, we examined cardiac fibrosis and hypertrophy in response to Ang II and Saxa treatments. Infusion of Ang II induced cardiac and cardiomyocyte hypertrophy that was not affected by Saxa treatment ( Fig. 2A and 2B) . Conversely, Ang II infusion elicited coronary periarterial fibrosis, assessed by PR staining, which was abolished by Saxa treatment (Fig. 2C) . Further, whereas Ang II increased cardiac collagen I mRNA expression, Saxa tended to reduce its expression in Ang IIinfused mice (P = 0.09; Fig. 2D ). In addition, Ang II infusion increased cardiac periostin expression, a marker of fibroblast activation, which was attenuated by Saxa (Fig. 2E) . Cardiac interstitial fibrosis was unchanged by Ang II infusion or Saxa treatment (data not shown).
DPP-4 inhibition ameliorates Ang II-induced cardiac fibrotic signaling and inflammation
Ang II-induced cardiac fibrosis and inflammation have been attributed to activation of toll-like receptor 4 (TLR4), nuclear factor (NF)-kB, and activator protein (AP)-1 signaling as well as cardiac lymphocyte infiltration (17, 18, 38, 39) . Therefore, in light of links between these processes and DPP-4 activity (40), we evaluated the impact of Ang II infusion and concomitant Saxa treatment on cardiac inflammation and profibrotic signaling. Ang II induced cardiac inflammation indicated by increased TLR4 expression that was abrogated by Saxa (Fig. 3A) . Ang II induced activation of AP-1 and NF-kB in the heart, as indicated by increased phospho-c-Jun and phospho-p65 levels ( Fig. 3B and 3C) . Accordingly, Ang II increased cardiac expression of TRAF3IP2, an upstream activator of NF-kB and AP-1 signaling (41, 42) (Fig. 3D) . Furthermore, cardiac mature IL-18 and IL-17A levels were increased by Ang II infusion ( Fig. 3E and 3F) . Notably, Saxa inhibited the Ang II-induced activation of these cardiac proinflammatory/profibrotic signaling intermediates (Fig. 3) .
DPP-4 inhibition differentially modulates cardiac DPP-4 substrates and Ang II-induced shifts in cardiac leukocyte subpopulations
Recent evidence has revealed a role for cardiac leukocytes in cardiac dysfunction and that DPP-4 has immunomodulatory effects via its impact on important chemokines (17, 20, 26, 27, 43) . Thus, we evaluated cardiac DPP-4 substrate expression by immunoblot and specific cardiac leukocyte subpopulations by flow cytometry and PCR. Infusion of Saxa alone did not alter cardiac expression of the DPP-4 substrates CXCL12 or CXCL10 (Fig. 4) . Treatment with Ang II, however, increased cardiac CXCL12 but not CXCL10 and CXCL12 tended to be further increased with Saxa in the setting of Ang II infusion (P = 0.065; Fig. 4 ). Flow cytometry revealed Ang II-induced increases of cardiac CD45+F4/ 80+CD11b+ and CD45+F4/80+CD11c+ macrophages that were not affected by Saxa treatment (Fig. 5A) . Furthermore, Ang II infusion increased cardiac presence of the M1-like macrophage mRNA CD11c, the M2-like macrophage mRNA CD163, and the macrophage activation mRNA CD86 despite no change in the panmacrophage mRNA F4/80 and CD11b (Fig. 5B) . Saxa treatment reduced the Ang II-induced increases in cardiac CD11c mRNA (Fig. 5B) . With regard to cardiac lymphocytes, Ang II infusion resulted in increased cardiac CD45+CD4+, but not CD45+CD8+, T lymphocytes (Fig. 6A) . However, although Ang II did not affect CD45+CD4+ or CD45+CD8+ lymphocyte activation, assessed by CD44+ staining, Saxa treatment increased CD45+CD8+CD44+ T cells (i.e., activated memory CD8+ lymphocytes) in the setting of Ang II infusion (Fig. 6B) . Accordingly, cardiac CD8 mRNA was increased by Ang II+Saxa, whereas Ang II infusion alone did not alter cardiac presence of CD4 and CD8 mRNA (Fig. 6C) . Finally, neither Ang II nor Saxa treatment altered these circulating leukocyte populations (data not shown).
Discussion
This study demonstrates that DPP-4 inhibition with Saxa abrogates Ang II-induced cardiac diastolic dysfunction. The protective cardiac effect of Saxa was associated with (1) attenuated Ang II-induced cardiac diastolic dysfunction independent of changes in SBP, aortic stiffness, and metabolic indices; (2) reduction of Ang II-induced cardiac perivascular fibrosis, but not hypertrophy; (3) abrogation of Ang II-induced activation of cardiac fibrotic/inflammatory signaling (i.e., TLR4, NF-kB, AP-1, TRAF3IP2, IL-17A, IL-18); (4) no change in cardiac macrophage recruitment, but attenuated cardiac CD11c expression; and (5) increased activation of cardiac CD8+ lymphocytes in Ang II-infused mice. Overall, these findings indicate that Saxa effectively reduces Ang II-dependent cardiac diastolic dysfunction and supports a paradigm by which DPP-4 inhibition with Saxa is cardioprotective in the setting of RAAS activation.
Cardiac diastolic dysfunction is a common condition associated with hypertension and obesity as well as an independent predictor of mortality for which no treatment currently exists (3, 5) . Results of the current study are consistent with previous reports that infusion of a moderate dose of Ang II in mice induces cardiac diastolic dysfunction and vascular stiffening (i.e., increased aortic PWV) independent of changes in systemic metabolism (18, (44) (45) (46) (47) (48) . This dysfunction is associated with cardiac inflammation (i.e., upregulation of TLR4 expression, induction of TRAF3IP2, activation of NF-kB and AP-1), leukocyte infiltration, cardiac hypertrophy, and perivascular fibrosis. Previous reports using similar doses of Ang II demonstrated that Ang II-induced cardiac leukocyte infiltration involves increased cardiac mRNA or markers of macrophages (F4/80, CD68, Mac2, Mac3) and/or T cells (CD3, CD4, CD8) (44) (45) (46) (49) (50) (51) . This infiltration appears to be rapid as evidenced by increased cardiac F4/80+CD11b+ macrophages as early as 2 days of Ang II infusion with the dose used in the current study (52) . Using flow cytometry, our results extend these findings by demonstrating Ang II-induced increases in cardiac F4/80+CD11b+ and F4/80+CD11c+ macrophages at 3 weeks of infusion in conjunction with increased cardiac CD4+, but not CD8+, lymphocytes. Importantly, Ang II-induced cardiac diastolic dysfunction was abrogated by DPP-4 inhibition with Saxa coincident with reduced tissue inflammation and fibrosis. Cardiac fibrosis and chamber stiffening is a primary contributor to cardiac diastolic dysfunction (53) . It has been previously reported that the early manifestation of cardiac fibrosis is coronary perivascular fibrosis that subsequently progresses to interstitial fibrosis (54) . Accordingly, our data reveal that short-term Ang II infusion induced perivascular, but not interstitial, fibrosis and increased cardiac collagen I gene expression in conjunction with cardiac fibroblast activation (i.e., increased cardiac periostin expression). DPP-4 inhibition with Saxa attenuated Ang II-induced perivascular fibrosis and fibroblast activation while tending to reduce collagen I gene expression, consistent with recent reports of reduced cardiac fibrosis in a swine model of pressure overload (8) and in rats infused with Ang II (55) following DPP-4 inhibition. In addition, several reports demonstrate reduced renal fibrosis following Saxa treatment in type I diabetes and hypertension (36, 56) . Importantly, in our study, the antifibrotic effect of Saxa occurred independent of changes in SBP and aortic stiffening, suggesting a local cardiac effect of Saxa to reduce fibrosis. The lack of changes in systemic metabolic markers (i.e., plasma glucose, homeostatic model assessment of insulin resistance) by Ang II in this model in the absence or presence of Saxa further supports a local impact of Saxa to reduce cardiac fibrosis, resulting in improved cardiac function.
Previous work has established that pathologic cardiac fibrosis is preceded by cardiac inflammation and Figure 2 . Ang II-induced cardiac periarterial fibrosis and fibroblast activation, but not hypertrophy, is resolved by DPP-4 inhibition. Cardiac hypertrophy, assessed by (A) heart weight-to-tibia length (HW:TL) and (B) cardiomyocyte cross-sectional area (CSA), and fibrosis, assessed by (C) periarterial PR staining, (D) collagen I (Col I) mRNA expression, and (E) periostin expression by immunoblot as an index of fibroblast activation. Representative wheat germ agglutinin (WGA) and PR images for CSA and periarterial fibrosis, respectively, in the middle panel. Scale bar is 100 mm. Periarterial fibrosis quantified as the ratio of adventitial PR staining to lumen area (adventitia:lumen). Stained arterioles indicated by arrows. Representative immunoblot with matching GAPDH control in lower panel. Values are mean 6 standard error; n = 4 to 10. *P , 0.05 vs Con/Con+Saxa; **P , 0.05 vs all other groups; § P = 0.06 vs Con+Saxa; ‡ P = 0.09 vs Ang II.
leukocyte infiltration (53, 54, 57) . Modulation of cardiac inflammatory pathways may be a critical component underlying the antifibrotic and cardioprotective effect of DPP-4 inhibition in RAAS-dependent cardiac diastolic dysfunction. Indeed, many DPP-4 substrates are immunomodulatory chemokines (27) and, accordingly, our data indicate that DPP-4 inhibition in the setting of Ang II infusion tended to further increase cardiac expression of CXCL12, an important contributor to leukocyte recruitment and activation. Furthermore, our data demonstrate that Saxa attenuated Ang II-induced upregulation of TLR4 gene expression and TRAF3IP2 protein expression as well as activation of cardiac NF-kB and AP-1. TLR4 signaling is a primary contributor to Ang II-induced cardiac inflammation and dysfunction, independent of angiotensin type 1 receptor activation (18, 39) . In addition, TRAF3IP2 is a critical signaling intermediate in cardiac inflammatory pathways, including activation of NF-kB, AP-1, and MAPK which are established contributors to cardiac pathology (23, 42, 58) . The level at which DPP-4 inhibition with Saxa interrupts these inflammatory cascades remains unclear.
Recent evidence from our group demonstrates that TRAF3IP2 (aka CIKS or Act1) physically associates with TLR4 and this association mediates, in part, lipopolysaccharide-induced cardiomyocyte dysfunction (59) . Thus, it is possible that Saxa acts to disrupt the association of TLR4 and TRAF3IP2, thereby limiting Ang II-induced cardiac inflammation. It is also possible that Saxa may directly prevent the Ang II-induced upregulation of TRAF3IP2 as we recently reported that the DPP-4 inhibitor linagliptin prevented obesityassociated cardiac TRAF3IP2 upregulation in vivo as well as aldosterone-induced TRAF3IP2 upregulation in cardiac fibroblasts in vitro (22) . In addition, linagliptin has been shown to reduce Ang II-induced NF-kB signaling and collagen expression in cultured cardiac fibroblasts (38) . Our data would seem to more directly support, however, reduced TRAF3IP2 signaling following Saxa treatment owing to reduced cardiac IL-17A that signals exclusively via TRAF3IP2 (42, 58) . Involvement of TRAF3IP2 signaling underlying Ang II-induced cardiac dysfunction and attenuation of this pathway by Saxa is further supported by the Ang II-dependent increase of cardiac IL-18 and its attenuation by Saxa. IL-18 expression is highly responsive to TRAF3IP2 signaling (60) . Together, these data suggest that the cardioprotective effect of DPP-4 inhibition in RAAS-dependent cardiac inflammation may involve inhibition of TRAF3IP2 upregulation/signaling. Further studies are warranted to confirm this hypothesis, such as studies utilizing TRAF3IP2 null mice.
The Saxa-mediated attenuation of Ang II-induced cardiac inflammation and fibrosis was associated with a marked attenuation of the Ang II-induced increase of cardiac CD11c mRNA. Furthermore, evaluation of cardiac leukocyte subpopulations by flow cytometry revealed no change in Ang II-induced cardiac F4/80+CD11b+ and F4/80+CD11c+ macrophage infiltration following DPP-4 inhibition. In addition to no impact of Saxa on infiltration of these cells, it also failed to reduce the Ang II-dependent increase of cardiac CD86 expression, a marker of macrophage activation. These results suggest that a CD11c-expressing leukocyte population may be suppressed by Saxa. In this regard, it was recently revealed that ;60% of CD11c+ cells in normal adult mouse heart are MHCII+ dendritic cells and that cardiac infiltration of these cells is increased in response to transverse aortic constriction (TAC) (61) . Importantly, limiting cardiac recruitment of these cells following TAC by depletion of bone marrow-derived CD11c+ dendritic cells attenuated TAC-induced cardiac hypertrophy, fibrosis, and dysfunction (61) . Together, these data suggest that Ang II-induced cardiac macrophage recruitment is not reduced by Saxa and that Saxa may reduce cardiac CD11c+ dendritic cell recruitment in the setting of Ang II infusion. Further studies are required to carefully delineate the involvement of these cell subpopulations as CD11c is also expressed by murine natural killer cells (62, 63) . Mechanistically, increased endothelial cortical stiffness has been linked to increased permeability and leukocyte extravasation (64) . This is consistent with the impact of Saxa to attenuate endothelial cortical stiffness in concert with reduced CD11c in the heart and suggests an important endothelial cell-dependent cardioprotective mechanism of Saxa warranting further exploration. One of the most intriguing findings of the current study is that Saxa treatment is associated with activation of cardiac CD8+CD44+ memory T lymphocytes. We believe our data indicates activation of resident CD8+ lymphocytes in light of no change in the overall frequency of cardiac CD45+CD8+ lymphocytes (i.e., no infiltration) coupled with the increased cardiac CD8 gene expression in the Ang II+Saxa group. The latter is in agreement with the well-described upregulation of T cell receptors upon activation and corresponds to increased cardiac CXCL12 expression in this treatment group. Importantly, CXCL12 has been reported as an activator/ costimulator of CD8 lymphocytes (65, 66) . Whether this phenomenon of CD8 activation is consequential with regard to the reduced fibrosis and improved cardiac function following Saxa treatment in Ang II-infused mice is unclear. CD8+ memory lymphocytes are known primarily as mediators of inflammatory and cytolytic immune responses (67) . Recent studies, however, have identified CD8+ memory T cell populations possessing a regulatory and immunosuppressive phenotype. Specifically, CD8+CD122+PD-1+ T cells suppress T cell proliferation and inflammatory cytokine production in vitro and in vivo (68) and CD38 expressing CD8+ memory T cells suppress CD4+ T cell activation and autoimmune responses (69) . The latter effect of CD8+ T cells was interferon-g-dependent, similar to other studies demonstrating that CD8+CD44+CD62L+ T cells inhibit the development of allergic airway inflammation (70) and that interferon-g-expressing CD8+ T cells attenuate CD4+ T cell-dependent renal fibrosis in a model of obstructive kidney injury (71) . Thus, accumulating evidence supports a role for CD8+ T cell subpopulations in the regulation and/or suppression of pathologic immune responses. The possibility that a CD8 lymphocytedependent mechanism may be the underlying protective effect of Saxa is further suggested by recent evidence that the onset of cardiac dysfunction in several models corresponds to (19, 20) or is dependent on (43) the infiltration of T cells, similar to the Ang II-induced increase of cardiac CD4+ T cells in the current study. Further studies to mechanistically evaluate such a paradigm in the setting of cardiac diastolic dysfunction however, are needed.
In summary, our data reveal that DPP-4 inhibition with Saxa effectively attenuates Ang II-dependent cardiac inflammation, fibrosis, and diastolic dysfunction. Importantly, this benefit of Saxa occurred independent of SBP and changes in systemic metabolic markers. It is highly likely that Saxa may interrupt local inflammatory signaling by modulating cardiac inflammatory cascades (i.e., TLR4, TRAF3IP2), by attenuation of cardiac CD11c-expressing dendritic cells, or by activation of immunosuppressant CD8+ lymphocytes. To our knowledge, this is the first study to evaluate the impact of DPP-4 inhibition on cardiac leukocytes by flow cytometry in any model. Further studies are necessary to discriminate the proximate mechanism by which Saxa acts to reduce Ang II-induced cardiac fibrosis and diastolic dysfunction. The benefit of DPP-4 inhibition in our model contrasts a recent report that DPP-4 inhibition exacerbates cardiac fibrosis and dysfunction in aged, diabetic mice following TAC (15) . Notwithstanding differences in study design, these data together suggest that TACinduced cardiac dysfunction in aged, diabetic animals may not be primarily RAAS-dependent or that other deleterious signaling cascades are activated in this complex and chronic model with multiple comorbid conditions. Thus, the increased hospitalization for heart failure reported in diabetic patients with multiple risk factors in the SAVOR-TIMI 53 trial might have occurred due to similar mechanistic complexity (72) . Whether Saxa improves cardiac diastolic dysfunction in diabetic patients, similar to the impact of Saxa in the current study, awaits results of the ongoing SCARF trial (ClinicalTrials.gov Identifier: NCT02481479).
